We demonstrate an efficient photon number detector for visible wavelengths using a fast-gated silicon avalanche photodiode. Using sub-nanosecond voltage gates with a self-differencing circuit, the device is able to resolve up to four photons in an incident optical pulse, with a detection probability of up to 91.1 % at 1 GHz. With this performance and close to room temperature operation, fast-gated silicon avalanche photodiodes are ideal for optical quantum information processing that requires single-shot photon number detection.
INTRODUCTION
Single photon detectors 1 currently find application in numerous fields such as medical imaging, chemical analysis, timeof-flight ranging, scientific research as well as quantum information networks based on the coherent control of weak light pulses. Furthermore, there are many functions in quantum information processing for which photon number detection (PND) is essential, requiring the number of photons in an incident light pulse to be discerned without error. In quantum teleportation 2 and entanglement swapping 3 , for example, a Bell state measurement applied upon two single photons arriving concurrently at a beamsplitter, requires photonic Fock states comprising 0, 1 or 2 photons to be distinguished in two detectors. A photon number state measurement made on a monitor channel may also be used to herald the successful operation of a quantum logic gate 4 used in a quantum computer constructed from linear optical components. Similarly, using photon pair sources such as spontaneous parametric down conversion, a measurement of the number state of an idler photon channel can be used to condition the Fock state of a non-interacting signal channel 5 . More generally, such a detector will allow the advantages of quantum light detection to be extended to stronger optical signals, permitting optical measurements limited only by fluctuations in the photon number of the source.
Single photon silicon avalanche photodiodes (Si-APDs) have been shown to exhibit very high quantum efficiency over a wavelength range which is compatible with many semiconductor quantum sources 6 . Most commercially available detectors are operated in the so-called Geiger-mode, in which a bias is applied above the reverse breakdown voltage of the diode (V br ). A single photocarrier generated in the active region of the photodiode can therefore stimulate a measurable current avalanche through the process of avalanche multiplication, arising from impact ionization of the carriers. However, the avalanche current in this mode of operation is generally sufficient to saturate the device, resulting in an output that corresponds only to one-or-more photons, or indeed to the absence of a photon. Such a detector is therefore considered to be a threshold device and cannot be used to determine the detected photon number without using either spatial or temporal multiplexing. However, we show that by limiting the time over which avalanche multiplication is allowed to occur, we can prevent the current from saturating and that in this regime we are able to determine the number of detected photons from the detector voltage output 7 . Specifically we use a fast-gated mode of operation in which sub-nanosecond voltage pulses above the breakdown voltage are used to generate weak unsaturated avalanches. We are able to resolve avalanches arising from up to 4 photons and measure a detection efficiency corresponding to over 91 % of the photons absorbed by the device. Importantly, as well as operating at GHz clock frequencies, our devices are highly practical and require only thermoelectric cooling to achieve this detection performance and a low dark count rate, without the need for cryogenic liquids.
EXPERIMENTAL
The detector we used for this study has an active area of 50 µm and is coupled optically using a multimode optical fibre. The device was thermoelectrically cooled to a temperature of -30 o C using a 2-stage Peltier element. We first characterised the device in terms of its dc current-voltage characteristics, from which we could obtain the quantum efficiency and the reverse breakdown voltage. The lower curve in Figure 1(a) , measured in the absence of an illumination, clearly shows the onset of an avalanche current at the breakdown condition, determined to be V br = 41.7 V at T = -30 o C. Below this voltage the dark current is very low, around 1 pA, indicating that this material has a high degree of purity. The upper (red) curve shows the current-voltage dependence when the device is illuminated with a train of short optical pulses at 600 nm. Using the calibrated optical power we can determine the quantum efficiency from the photocurrent at dc biases far below the breakdown voltage for which the gain is unity. We obtain a measured value of QE = 81 %, although in theory this parameter can be increased to a value close to 100 % by tuning device properties such as the depth of the APD absorbing layer or by controlling the surface microstructure in order to maximize the transmission of photons at the surface. The gain as a function of the dc voltage is also plotted (blue line), showing that although there is small non-linear gain for lower dc biases approaching V br , the gain only diverges at the breakdown voltage in agreement with Geiger mode avalanche multiplication, for which the idea of gain has little meaning. The basis of our technique to restrict the avalanche duration is a voltage signal consisting of a 1 GHz square wave alternating bias (Figure 2(b) ). This is superimposed upon a dc background voltage, such that during the peaks of the voltage pulse train the bias is greater than the reverse breakdown voltage. This therefore corresponds to the gated Geiger mode, during which the device is sensitive to the detection of single photons. In particular, this mode of operation is characterised by the quenching of the avalanches during the minima of the detector bias cycle, during which the voltage is reduced below the breakdown voltage, without the need for any further quenching electronics. This is advantageous as the quenching of the avalanche occurs very quickly compared to using passive or active quenching circuits which must respond to an avalanche. Fast-gated operation therefore results in a rapid return of the device to a light-sensitive state and a correspondingly short detector dead time. We note that for Si-APDs, the best performance is obtained when a dc bias greater than the breakdown voltage is applied, a characteristic which appears to be unique to this material, and leads to a much larger voltage overbias compared to that by which the avalanches are quenched below V br . It follows that the maximum dc bias that can applied whilst still being able to quench the avalanches has a limit imposed by the maximum allowed ac modulation.
A schematic of the set-up is shown in Figure 2 (a). The bias tee, by which the addition of the ac and dc voltages is realized, consists of a capacitor and inductor and the ac signal is first amplified to the level required to drive the Si-APD using a broadband amplifier. The photocurrent generated by avalanches created during an APD gate is sensed as voltage across the 50Ω resistor, although we observe in Figure 2 (c) that the primary dependence of the output signal arises from the response to the alternating voltage; the strong positive and negative peaks correspond to the capacitive response of the diode to the leading and falling edges of the gate respectively. To recover the weak signals of interest from this strong background we employ the self-differencing technique, which has previously been used with telecom-wavelength APDs 8 , although these detectors are not compatible with most quantum light sources. This is shown in Figure 2 (a) and consists of a splitter to generate two identical signals, one of which the path is delayed electrically in order to shift the periodic signal by a single clock cycle. When the signals are recombined in the differencer, the periodic background which is present in both signals is effectively subtracted, leaving only the signal due to detected avalanches and a weak residual background, which we observe to be far weaker than the signal attributed to single photons (Figure 2(d) ). We ascribe the larger signal shown in the self-differenced output to an avalanche stimulated by two photons, and its magnitude implies a roughly linear response of the detector to different detected number states.
To fully characterise the photon number detection performance of our Si-APD we used weak attenuated laser pulses to illuminate the device with different photon number states according to the number statistics of the source. We generated short laser pulses of 600 nm wavelength by realizing sum-frequency generation using a 1550 nm actively mode-locked signal laser and a high power 980 nm CW pump. An optical pulse length of 15 ps is achieved, which is sufficiently short so as to ensure that no incident photons fall outside the temporal window of the active gate. The laser repetition frequency corresponds to the master clock, to which the detection gates are synchronised, an important characteristic for many applications in quantum information processing. We used a series of interference filters to modulate the intensity of the laser pulse train and generate a pulse pattern with a frequency of 1/64 th of the repetition frequency, thus enabling us to generate nominally dark gates between the illuminated gates in order to probe signals due to dark counts and afterpulses. The latter are spurious avalanches which follow photon detection and arise due to avalanche photocarriers which become trapped on impurities within the crystal. These are subsequently re-emitted after an arbitrary time and if this coincides with an active gate then a secondary avalanche may be generated. As with dark counts, there is no way to distinguish such an avalanche from that of a detected photon and so it important to keep these spurious counts to a minimum. The fast gated mode of operation is ideal for this purpose as it allows us to measure weak avalanches, for which the avalanche current is kept to a minimum, as well as quenching the device into an insensitive state as times at which no incident photon is expected. First we probed the dependence of the single photon detection characteristics on the applied dc voltage, measured using time resolved photon counting for a fixed ac modulation of 10 V peak-to-peak amplitude. The photon flux was attenuated to a level of μ = 0.033 (measured per gate) using a calibrated optical power meter and variable attenuator, for which only single photons contribute to the Poissonian distribution of the source. In Figure 3 the dark count and afterpulse probabilities are plotted as a function of the absolute detection efficiency, η, determined from the incident photon flux. These probabilities were calculated from data averaged over 63 gates. The detection efficiency rises as expected with the applied dc bias to a maximum value of η = 73.8 %, which accounting for the external quantum efficiency measurement corresponds to 91.1 % of the photons absorbed by the device. The afterpulse probability remains very low for detection efficiencies below η = 65 %, for which the applied dc voltage is relatively low. For efficiencies over 70 %, the afterpulse probability increases sharply to a maximum value of P A = 7.5 %, and this corresponds to data for which the dc bias is far above the reverse breakdown voltage, resulting in a quenching voltage which approaches V br . Although this performance is already attractive for applications, given the high detection efficiencies for which it is measured, we expect to be able to further suppress afterpulsing effects even for these very high biases by using a larger ac modulation. The dark count probability (measured per gate) also varies strongly with the detection efficiency and associated dc voltage, although the maximum value corresponds only to ~ 1 kHz for 1 GHz the clock frequency used for these measurements.
We now consider the photon number resolving capability of the detector, for which a fast oscilloscope was used to sample the output voltage pulses of the detector. Histograms of the voltage probability distributions were accumulated by binning the data in real time, according the peak height of the avalanche signal, and the nature of our technique is such that the detected photon number can be determined from a single measurement without the need for any post-processing, a characteristic that is critical for applications. Only illuminated gates were sampled to ensure that the compiled statistics reflected only those of the detector to incident photon number states. Figure 4 (a) shows the measured probability distribution for a photon flux μ = 5.16, acquired from around 5 × 10 6 samples. There is a strong tendency of the output voltage to take distinctly different values, which we ascribe to the stimulated photoresponse of the detector to different numbers of absorbed photons. We fully attribute this behaviour to the fact that by using sub-ns voltage gates we are able to prevent the avalanche current from saturating, in agreement with that observed for InGaAs devices 9 . The peak at 0 mV comprises the signals from gates in which no photon is detected, either because no photon is incident or due to the imperfect detection efficiency, and the magnitude of this feature therefore gives an indication of the detection efficiency. The width of this peak reflects the electrical noise in the measurement circuit from a weak residual uncancelled component of the self-differenced signal, arising due to the imperfect cancellation of the self-differencer. The peak at 22.4 mV is due to the detection of single photons and those at 43.1 mV, 63.8 mV and 85.5 mV correspond to 2, 3 and 4 photon states respectively. A good fit to the measured data (solid line) is achieved by fitting each individual number state in the distribution with a Gaussian (dashed lines). The widths of these features were scaled according to N 0.5 , to reflect the statistical broadening arising from the avalanche multiplication process. As expected, the occurrence probabilities for each number state, corresponding to the integrated area of each Gaussian, are found to be in good agreement with the Poissonian statistics of the source. The dependence of the photon number distribution is shown to have a strong dependence on the incident photon flux, the evolution of which on increasing μ is shown in Figures 4(b) -(d). For a low flux, μ = 0.21, the only strong contribution to the measured probability distribution (aside from the background 'noise' peak) arises from single photons. As we increase the flux, the signals due to 2-and higher photon events increases and begin to dominate over the lower order features. We find that the evolution of the peak areas, when fitted with Gaussians as before, is consistent with Poissonian occurrence probabilities for all fluxes, which indicates that the detected statistics match those of the source.
Lastly we consider the PND capability of our device for the type of measurements made in quantum information processing. In particular, a Bell-state measurement requires the discrimination between photon numbers states with N = 0, 1 and N ≥ 2. Here, we consider only the error in the detected photon number, i.e. that in determining the photon number from measured avalanche voltage, ε N . This was calculated from the numerical overlap between the Gaussian number states used to fit a distribution measured for a detected flux of μ' = 0.92, for which only significant contributions arise from 0, 1 and 2 photon events ( Figure 5 ). The number states were also normalized to reflect a uniform photon number distribution and single discrimination levels were placed at the minima between successive photon numbers in order to retain all of the measured detection efficiency. Under these conditions we obtain photon number errors of ε 0 = 0.2 %, ε 1 = 12.2 % and ε 2 = 6.95 %. These values may be reduced, at the cost of the detection efficiency, by introducing discrimination windows for each number state that reject voltage signals for which the uncertainty is too great. Our closing comments concern the origin of the photon number resolution in fast-gated Si-APDs, in particular the fact that one would not expect to achieve such low amplification noise in conventionally operated Si-APDs. This is characterised in terms of the excess noise factor, which corresponds to the statistical variance of the single photon peak,
given by F = 2
/ V V
where V is the avalanche voltage amplitude. For the voltage conditions used to measure the data presented here, the value of the excess noise is F = 1.175. This is of great significance as the theoretical minimum expected for macroscopic avalanche multiplication is 2, implying that we are able to beat this limit by using subnanosecond voltage gates to suppress the time for multiplication and the corresponding avalanche noise.
In conclusion, we have shown that fast-gated Si-APDs, using short excess bias pulses, can be used for photon number detection with high detection efficiency in a practical, thermoelectrically-cooled device. The detector is attractive for quantum information applications requiring synchronised single-shot PND at GHz repetition rates.
